Implications of a DK Molecule at 2.32 GeV 
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We discuss the implications of a possible quasinuclear DK bound state at 2.32 GeV. Evidence 
for such a state was recently reported in T)fir° by the BABAR Collaboration. We first note that a 
conventional quark model cs assignment is implausible, and then consider other options involving 
multiquark systems. An 1=0 csnn baryonium assignment is one possibility. We instead favor a DK 
meson molecule assignment, which can account for the mass and quantum numbers of this state. 
The higher-mass scalar cs state expected at 2.48 GeV is predicted to have a very large DK coupling, 
which would encourage formation of an 1=0 DK molecule. Isospin mixing is expected in hadron 
molecules, and a dominantly 1=0 DK state with some 1=1 admixture could explain both the narrow 
total width of the 2.32 GeV state as well as the observed decay to D+7r°. Additional measurements 
that can be used to test this and related scenarios are discussed. 



INTRODUCTION 

The BABAR Collaboration recently reported a narrow 
state near 2.32 GeV, known as the D*j(2317) + , decaying 
to D+tt° Q. The observed width is consistent with exper- 
imental resolution, which gives a limit of % 10 MeV for 
the total width. For reference purposes we show the new 
state at 2.32 GeV in Fig.l, together with the Godfrey- 
Isgur-Kokoski predictions for the spectrum of cs mesons 
0,0], DK thresholds, and the experimental spectrum of 
charm-strange states ■ 

One might a priori consider a new resonance ob- 
served in D+7r° in this mass region to be a candidate cs 
quark model state, decaying to D+7r° through an isospin- 
violating strong decay. Since the D s j(2573) is already 
well established as a plausible 3 P2 cs candidate, the only 
available assignment would be the 3 Po D* level. 

Identification of the 2.32 GeV signal with the 3 Po cs 
quark model state appears implausible for two reasons. 
First, the mass predicted by Godfrey and Isgur for this 
cs state is 2.48 GeV, 160 MeV higher than the BaBar 
state. Second, as the scalar 3 P cs belongs to the j = 1/2 
heavy quark symmetry doublet, both the 3 Po cs and its 
D s i partner are expected to be much broader than the 
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FIG. 1: The experimental (solid) and theoretical (dashed) 
spectrum of cs mesons. DK thresholds and the 2.32 GeV 
BaBar state are also shown. 

states in the j = 3/2 doublet. The j = 3/2 doublet 
is usually identified with the rather narrow D s j(2573) 
and D sl (2536), which have experimental total widths of 
15+^ MeV and < 2.3 MeV (90% c.l.) respectively. In 
contrast, a total width of 270-990 MeV (depending on 
the decay model assumed) was predicted for the 3 Po cs 
scalar by Godfrey and Kokoski assuming a mass of 
2.48 GeV. 
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MULTIQUARKS OPTIONS 

Assuming that the new 2.32 GeV state is being ob- 
served in a strong or electromagnetic decay to D+7r°, it 
must at least possess c and s quarks. Given the implau- 
sibility of identifying this signal with a cs quark model 
state, as discussed above, we are led to the consideration 
of states with additional valence quarks. The proximity 
to the lightest cs states suggests the first available color- 
singlet combination, ensfi (where n generically represents 
either of u, d). 

Four-quark states may be classified as "baryonia" 
if the spatial wavefunction is well described as a sin- 
gle multiquark cluster, or "molecules" if they are dom- 
inantly quasinuclear, weakly bound pairs of qq mesons. 
A subcategory of baryonia are the "heavy-light" systems, 
which possess a heavy pair and a light pair, such as QQnh 
or QnQn. These states are interesting because the heavy 
pair is spatially localized and should be dominantly in a 
particular color state 6] . The DK system was previously 
suggested as a possibility for four-quark bound states of 
both baryonium and molecular types by Lipkin 0, @] and 
Isgur and Lipkin 

For our initial discussion we will treat these as distinct 
categories of multiquark states, although this is clearly 
a rather qualitative distinction. One may actually find 
significant amplitudes for both types of spatial configura- 
tions in some resonances' see for example the discussion 
of the io/a (980) in Ref.0. 

Baryonia 

Baryonia composed of light quarks do not require an 
interaction to dissociate into light meson pairs; this is 
known as "fall-apart" decay. This effect implies that light 
baryonia may not exist as resonances at all, or if they do 
exist they are expected to be extremely broad ||. For 
this reason it would be difficult to identify the 2.32 GeV 
BaBar signal with an 1=1 ensfi baryonium state; it would 
have a fall-apart decay to D+7r, and so should be ex- 
tremely broad or nonresonant. 

An 1=0 ensfi baryonium state is a more interesting 
possibility; there is no accessible fall-apart mode, since 
DK does not open until 2.36 GeV. The channel D+7r° 
would be open to isospin-violating transitions, but this 
coupling might be sufficiently weak to allow an 1=0 ensn 
cluster to appear as a resonance. If we assume that the 
2.32 GeV signal is indeed an 1=0 ensn baryonium, other 
1=0 ensfi states with different angular quantum numbers 
may also lie below DK threshold. If baryonium models 
instead predict no other ensfi states below 2.36 GeV, 
it may prove difficult to distinguish between 1=0 ensfi 
baryonium and DK molecule assignments. The proximity 
of the DK threshold to 2.32 GeV is of course an argument 
in favor of a DK molecule, since this would be accidental 



for a baryonium state. 

If attractive interquark forces do form an 1=0 ensfi 
baryonium bound state at 2.32 GeV, one might also an- 
ticipate 1=1 and csfifi partners nearby in mass. A natural 
spin-parity 1=1 ensfi baryonium above 2.25 GeV would 
have a fall-apart mode to D+7r and hence should be very 
broad or nonresonant. The presence of such a hypothet- 
ical resonance might be observable in e + e~ annihilation 
(see our subsequent discussion). In contrast, in the DK 
molecule scenario an 1=1 bound state is less likely, as we 
shall explain in the following section. 

Exotic-flavor csfifi baryonium partner states would 
provide dramatic support for the baryonium picture. If 
these states were below 2.36 GeV (DK threshold) they 
would only decay weakly (see subsequent discussion of 
baryonia). If the baryonium scenario is correct, csfifi 
states should be produced in e + e~ at a rate comparable 
to the BaBar state. 



Molecules 

Hadronic molecules are systems that to a good approx- 
imation are weakly bound states of color-singlet hadrons. 
Nuclei and hypernuclei are the most familiar examples of 
these states, although there are several often-cited can- 
didates for meson- meson molecules, notably the /o(980) 
and a (980) [HEI and ^(4040) [H III El ELand at 
least one meson-baryon candidate, the AC14051 |l6Lll^|. 

The best studied candidates for meson-meson 
molecules are the /o(980) and ao(980), which are widely 
believed to have large or perhaps dominant KK compo- 
nents. This sector of the quark model was studied in 
detail by Weinstein and Isgur E3> who concluded that 
conventional quark model forces gave rise to attractions 
in the 1=0 and 1=1 KK channels that are sufficiently 
strong to form bound states. Their conclusions regarding 
the nature of these attractive forces may also be relevant 
for the 2.32 GeV BaBar signal, as the KK and DK 
systems share several important features. 

Weinstein and Isgur found that the dominant attrac- 
tion in the S-wave KK system arose from level repul- 
sion between the low-mass KK continuum and scalar qq 
states. The qq scalars were assumed to lie near 1.3 GeV, 
and to have strong couplings to two-pseudoscalar chan- 
nels. These scalar mesons play a crucial role as "shepherd 
states" which drive the two-meson continuum into bound 
states just below threshold. Additional non-resonant 
forces between pseudoscalar meson pairs were found by 
Weinstein and Isgur in their variational study of the snsfi 
system E3 ! these were subsequently identified as arising 
mainly from the one-gluon-exchange contact spin-spin in- 
teraction, which dominates constituent-interchange scat- 
tering 18]. In the final Weinstein-Isgur paper this in- 
teraction couples several two-pseudoscalar channels, and 
provides additional attraction in both KK channels. 
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Since the residual forces that bind hadrons into 
molecules are relatively weak and short-ranged, simple 
qualitative signatures for hadron-pair molecules can be 
abstracted from the Weinstein-Isgur results. These are 

1) J PC and flavor quantum numbers of an L=0 hadron 
pair, 

2) a binding energy of at most about 50-100 MeV, 

3) strong couplings to constituent channels, and 

4) anomalous electromagnetic couplings relative to ex- 
pectations for a quark model state. 

The justification for each of these proposed molecule sig- 
natures is discussed in Ref. ^| , together with a review of 
earlier experimental candidates. 

A DK MOLECULE? 
DK and molecule signatures 

The 2.32 GeV BaBar signal appears to be an obvious 
candidate for a scalar DK molecule, since what is known 
about this state satisfies the first two of the molecule 
signatures quoted above. First, the (assumed strong or 
electromagnetic) decay to D+7r° implies natural spin- 
parity, so J p = + is allowed. (Note further that for 
strong decays the combined observation in D+7T and ab- 
sence in D* + 7r would uniquely select J p = + .) Second, 
the DK thresholds are m(D°K+) = 2358 MeV, m(D°K°) 
= 2362 MeV, m(D+K+) = 2363 MeV and m(D+K°) = 
2367 MeV, so a DK molecule at 2.32 GeV would have 
a plausible binding energy of « 40 MeV. The third sig- 
nature is more problematic since the only open strong 
mode for a J p = + DK molecule is D+7r, and this 
may be an isospin-suppressed decay; this will be dis- 
cussed subsequently. The final signature can be used 
as a test of the molecule assignment, through a measure- 
ment of D* 7 (2317)+ -> £>*+7; this El transition rate 
can be calculated for a 3 Po cs quark model state at 2.32 
GeV, which predicts r 7D ,+ 2 keV 20]. If this is in- 
deed a non-cs state, one would expect a rather differ- 
ent rate for the El transition. This comparison is well 
known for <p — > 7 fn/an(980); the rate for a molecule was 
computed in Ref.[21|. The analogous computation for 
a DK molecule would require knowledge of its coupling 
strength to both DK and D*+. 

If this state is a DK molecule or a baryonium reso- 
nance, power counting rules (2^ imply that its elastic 
form factor should fall as 1/Q 6 , in contrast to the 1/Q 2 
expected for a "normal" cs state. At CLEO-c one could 
pair produce the open-charm meson states, including the 
BaBar state as well as conventional charmed quark meson 
pairs, near threshold. The anomalous Q 2 -dependence of 



the exclusive channel cross section could then confirm its 
four-quark nature, or conversely, if established as a mul- 
tiquark system, could provide a novel further test of the 
quark counting rules. Note that at large Q 2 one would 
expect to see a weakened 1/Q 2 dependence from the cs 
component of the BaBar state, which is expected to be 
present at some level due to mixing effects. 

Previous studies of the DK system 

Motivated by Jaffe's study of light baryonium states 
in the bag model and the suggested classification of light 
scalars as four-quark states Lipkin Q suggested that 
four-quark baryonium systems of the type csnn and csnn 
might also be observed as resonances. In the cluster 
wavefunctions tacitly assumed in this paper the dominant 
binding force was taken to be the one-gluon-exchange 
color magnetic force, as in the MIT bag model. Decay 
systematics of the various possible states were discussed, 
and it was noted that for masses between D+7r and DK 
the 1=1 csnn state "Fi" could decay strongly to D+7T, 
but a pure 1=0 csnn "F+" would only have electromag- 
netic modes, such as D+7r°, D+77 and D+7r°7. Although 
the states were assumed to be baryonia, the decay sys- 
tematics apply to molecular bound states with the same 
quantum numbers as well. 

Isgur and Lipkin [i| stressed the important distinc- 
tion between four-quark baryonium clusters and hadronic 
molecules, and observed that the determination of which 
type of configuration best describes the ground state of a 
given bound system is a problem with "no simple model- 
independent answer" . The 980 MeV states are cited as 
examples near the molecular limit, "just barely bound 
states of the KK system". It is suggested that "simi- 
lar bound states of DK and DK ..." (hence molecules 
rather than clusters) "...should exist near and possibly 
below the DK threshold". Assuming as in that the 
dominant interaction is the color magnetic spin-spin hy- 
pcrfine interaction, Isgur and Lipkin gave estimates of 
the masses of csnn and csnn systems relative to DK. Al- 
though their estimates find masses above DK threshold 
by 205 and 140 MeV respectively, they argued that the 
smaller kinetic energies of charmed systems suggest that 
weakly bound DK and perhaps DK molecules exist. The 
mode DK — * K°K° was proposed for searches for a DK 
molecule, for example in B -> (DK) K° -> (K°K°)K°. 

In discussing early results for light multiquark systems 
one should note that Weinstein and Isgur subse- 
quently found that level repulsion against higher-mass 
qq states gave a larger attraction than the color mag- 
netic interaction. This additional force will contribute to 
binding in the 1=0 DK case, but not in 1=1 DK or any 
DK channel. 

An additional development has been the realization 
that isospin mixing is important in molecular states, 
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which was not appreciated in the early references. In 
particular this allows "isospin violating" strong decays 
from a dominantly 1=0 DK molecule, as we shall discuss 
below. 

Lipkin [8j has also considered four-quark systems con- 
taining both heavy and light quark pairs, such as ccud. 
For sufficiently large heavy quark mass these systems 
take on a baryon-like spatial configuration, with the 
two heavy quarks acting as a single heavy antiquark. 
These heavy-light systems constitute a distinct category 
of four-quark state, and for sufficiently large heavy quark 
mass are expected to be strongly stable 0, |J. The 
Coulomb-like color electric attraction between the two 
heavy quarks produces binding in this model, whereas 
the color-magnetic interaction is inversely proportional to 
quark mass and so is neglected for the heavy quarks. The 
strange quark is not heavy enough to produce a bound 
state in this heavy-light model; its color-magnetic inter- 
action was crucial for binding in the other early studies 



Ref. y| considered only heavy- light baryonia with iden- 
tical heavy quarks, and concluded that ccud is probably 
not bound but bbud may well be. Extending this ap- 
proach to states with nonidentical heavy quarks leads to 
the conclusion that csud is not bound, but bcud may well 
be . This state would decay only weakly, either by fa- 
quark decay into two charmed mesons or c-quark decay 
into a B meson and a strange meson. The correspond- 
ing signature in a vertex detector would be a secondary 
vertex with a multiparticle decay, one or two subsequent 
heavy quark decays, and either one or no tracks from the 
primary vertex to the secondary. 



DK isospin and isospin mixing 

The isospin of the purported DK molecule is a non- 
trivial issue. Were isospin a good quantum number, the 
narrow width would suggest 1=0; there are then no open 
strong modes, so the state would be very narrow, and the 
observed decay to D+7r° would be a suppressed isospin- 
violating transition. 1=0 is also favored by the dominant 
molecule-binding mechanism found for KK by Weinstein 
and Isgur, which is repulsion of the lower continuum 
against a higher-mass scalar qq state. For 1=0 we do 
have such a state, the 3 Po cs D* (2.48) of Godfrey and 
Isgur 0, which was predicted by Godfrey and Kokoski 
[3j to have a very strong coupling to the DK continuum, 
as required to induce binding. 

In contrast, for a pure 1=1 molecule there can be no 
DK attraction due to level repulsion against a qq, since 
cs has 1=0. Binding might instead arise from diagonal 
DK forces and repulsion against other two-meson chan- 
nels, such as D* + p. Note however that the diagonal DK 
interaction in 1=1 should be weak, since constituent in- 
terchange is purely off-diagonal, (cn)(n's) — > (cs)(n'n). 



The 1=1 DK molecule option can be tested by search- 
ing for l z = ±1 partner states. Assuming that the BaBar 
state is produced strongly, starting from e + e~ — > 7 — > cc, 
the overall hadronic system would have 1=0. Partitioning 
the final hadronic state as 

1^)1=0 = |DK)i=i <g> (everything else)i =1 (1) 

the CG coefficients in C 1 ® 1 imply that I, l z — 1, ±1 
partner DK states would each be produced at the same 
rate as an I, K = 1,0 DK molecule. The partner states 
would decay into D+tt* at the same isospin-allowed rate 
as the I, I 2 = 1,0 state. Thus one can test the pos- 
sibility of an 1=1 DK molecule quite easily by search- 
ing for D+7r ± events at 2.32 GeV; if the BaBar state is 
1=1, one should see similar numbers of D+7T+, D+7t~ 
and D+7r° events. In contrast, if it is dominantly 1=0, 
the signal in e + e~ — > (D+7r°)X~ should greatly exceed 
that in e + e~ (D+tt + )X— and e+e~ (D+7r-)X°; 
naive isospin rules predict that it should be completely 
absent in the charged-pion reactions. 

Although the 1=0 channel is favored theoretically 
for DK molecule formation through the Weinstein-Isgur 
mechanism, we emphasize that a nominally 1=0 DK 
molecule is actually expected to show significant isospin 
mixing with the |I,I Z ) = 1 1 , 0} DK basis state. Indeed, 
this isospin mixing is one of the characteristic features 
of molecules 0, and has probably been observed 
in the / /a (980) states (see for example and [2t|). 
The reason for this isospin mixing is that hadrons within 
an isomultiplet typically have « 5 MeV mass splittings, 
which is significant on the scale of molecule binding en- 
ergies. 

We can illustrate this effect using a simple two-state 
model. Consider a Hamiltonian that couples the nondc- 
generate two-meson states |D + K°) = |A) and |D°K + ) = 
|B) through an 1=0 s-channel interaction, 
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In the weak coupling limit (v << 8m) the ground state 
approaches |V>o) = |B) = (|1,0) — |0, 0))/V2, a linear 
combination of 1=0 and 1=1 states with equal weight 
(thus maximally violating isospin). For very large cou- 
pling (v » 8m) isospin symmetry is restored, and the 
system approaches a pure 1=0 ground state, l^o) = 
(|A) - |B))/V2 = |0,0), with energy E = m - v. For 
moderately large coupling, as is presumably appropriate 
here, the ground state is close to 1=0 but has a significant 
1=1 component, 



8m , , „ / 8m 
lV>o> = |0,0)-— 11,0) + 0(— 



(3) 



In DK there is a rather large splitting between free 
two-meson states, 

8m = to(D+K°) - to(D°K+) = 9.3 ± 1.1 MeV (4) 
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so we expect that a DK bound state with Eb « 40 MeV 
would retain a significantly larger amplitude for |B) = 
|D°K+) than for |A) = |D+K°) in its state vector. This 
is equivalent to having some admixture of the symmetric 
|I,I 2 ) = |1,0) DK state in addition to the dominant, an- 
tisymmetric |I, I 3 ) = 1 , 0) DK state. The presence of an 
important |I, I z ) = |1,0) component in the dominantly 
1=0 DK molecule may account for the observed transi- 
tion tO D + 7T°. 

PROSPECTS FOR ADDITIONAL MOLECULES 

If the 2.32 GeV state seen by BaBar is indeed a DK 
molecule, we might anticipate other heavy-quark molec- 
ular bound states in other channels that possess similar 
attractive forces. In the Weinstein-Isgur binding mecha- 
nism these are channels in which a qq state lies not far 
above the two-meson continuum and has a strong decay 
coupling to S-wave meson pairs. 

There are many such possibilities. One that is rather 
similar to DK is the channel D*K, which has a threshold 
of 2.50 GeV. A broad cs 1 + state which can provide at- 
traction through level repulsion is expected at 2.55 GeV 
0. The second BaBar signal, reported at a mass of 
2.46 GeV Q, is an obvious candidate for this molecu- 
lar state; the mass difference of 2.46 — 2.32 GeV can be 
understood as being essentially equal to M(D*)— M(D). 
(This assumes that the DK and D*K binding energies 
are comparable.) As an important test, an S-wave D*K 
molecule would have J p = 1 + . 

The D S K system is analogous to DK in that mixing 
with qq intermediates is allowed, however in this case 
the important mixing states are the lighter cn mesons, 
which are below D S K threshold; an effective D S K repul- 
sion should result. Thus we would not expect molecu- 
lar states in this channel. Molecules with pions are also 
not expected, as they would have much smaller reduced 
masses that discourage the formation of bound states. 

A state analogous to DK in the cb system would be 
a BD molecule, with a B+7r decay mode that is isospin- 
conserving for 1=1 or isospin- violating for 1=0. As this 
is a heavy-light system, these states may more closely 
resemble Qqq baryons. Here too the masses are very 
different from the DK problem, and lead to a completely 
different experimental signature, with a high energy pion. 
M(B) + M(D) w 7145 MeV, whereas M(B C ) w 6400±400 
MeV. So, a BD molecule just below threshold would sim- 
ply rearrange the four quarks into B+7r and fall apart, ei- 
ther with or without isospin violation, giving a neutral or 
charged pion having a well defined (but currently not well 
determined) energy of ~ 750 ± 400 MeV, with the pre- 
cision improved by better measurements. Prospects for 
observing a relatively narrow BD molecule appear better 
for an 1=0 state, which involves an isospin-violating de- 
cay to B+7r. This state might be observed as a resonance 



with a pion accompanying the B+, with an invariant mass 
too high to be confused with a conventional qq state. 

SUMMARY OF EXPERIMENTAL TESTS 

In summary: Challenges for experiment, which may 
help to determine the nature and dynamics of this state, 
include: 

• A better measure of the width to see if it may be 
much narrower than 10 MeV; 

• A search for the mode D* + 7r; the presence of D+7r 
and absence of D* + 7r would uniquely select J p = + 
(assuming strong or electromagnetic transitions); 

• A search for the purely electromagnetic decay mode 
D+7 (which is forbidden if the state is + ) and the 
El transition to D* + 7, to establish whether this 
partial width is markedly different from the 2 keV 
predicted for a cs state; 

• A search for charged partners appearing in 
that should exist if this is an isovector state; 

• Search for the 3 Po D s (0 + ) cs state with a mass 
of ps 2.5 GeV; mass shifts relative to the D s j = i ; 2 
partners may help quantify the dynamics leading 
to a DK bound state; seek other possible narrow 
states below 2.36 GeV, and determine their J p . 

• Search in B decays for a possible DK molecule, to 
determine the dynamics of DK binding; one possi- 
ble signature could be D + K~ — > K~K~7r + 7r + , as 
in B° -> (D+K-)K° -► K-K-tt+tt+K ; 

• In e + e~ annihilation, measure the Q 2 dependence 
of the production cross section; compare with the 
dependence observed for other charmed mesons and 
with the counting rules for multiquark states; see if 
this dependence hardens at larger Q 2 due to a short 
range "conventional" cs content; compare with the 
behavior of e+e~ -> a (980) + a (980)"; 

• Precision data from CLEO-c in the 4.3-5 GeV re- 
gion could determine whether the threshold pro- 
duction process is e+e" -> D sJ (2317)D*(2112) 
in S-wave from y/s > 4.43 GeV, or e + e~ — > 
D sJ (2317)D sJ (2317) in P-wave, from y/1 > 4.64 
GeV; these can be compared with the thresh- 
old production of well-established charmed meson 
pairs; 

• If the D s j(2317) is indeed a DK molecule, search 
for further examples; there are many possibilities, 
including D*K, and a BD molecule that might be 
observed in B+7T. 



6 



ACKNOWLEDGEMENTS 

We are indebted to A.Dzierba, S.Godfrey, R.L.Jaffc, 
D.Hitlin, V.Papadimitriou, J.Rosner, K.Seth, S.Spanier 
and JWeinstein for useful discussions and communica- 
tions. 

This research was supported in part by the U.S. 
Department of Energy under contract DE-AC05- 
00OR22725 at Oak Ridge National Laboratory (ORNL), 
the Division of High Energy Physics, contract W-31-109- 
ENG-38, by the US-Israel Bi-National Science Founda- 
tion, and by the European Union under contract "Eu- 
ridice" HPRN-CT-2002-00311. 



* Electronic address: tbarnes@utk.edu] 

^ Electronic address: F.Closel@physics.ox.ac.uk 

* Electronic address: lipkin@hep.anl.g ov| 

[1] B.Aubert et al. (BABAR Collaboration) , hep-ex/0304021 
[2] S.Godfrey and N.Isgur, Phys. Rev. D32, 189 (1985). The 

1 + masses in Fig.l are taken from Q, which corrected 

an error in the 1 Pi- 3 Pi mixing. The other cs masses are 

the same in both references. 
[3] S.Godfrey and R.Kokoski, Phys. Rev. D43, 1679 (1991). 
[4] K.Hagiwara et al. (Particle Data Group), Phys. Rev. 

D66, 010001 (2002). 
[5] R.L.Jaffe, Phys. Rev. D15, 267 (1977); Phys. Rev. D15, 

281 (1977). 

[6] J.-M. Richard Quasi-nuclear and quark model baryonium: 
historical survey. Proc. of QCD99 (Montpellier, France, 
7-13 July 1999), Nucl. Phys. Proc. Suppl. 86, 361 (2000), 
nucl-th/9909030 

[7] H.J.Lipkin, Phys. Lett. 70B, 113 (1977). 



[8] H.J.Lipkin, Phys. Lett. 172B, 242 (1986). 

[9] N.Isgur and H.J.Lipkin, Phys. Lett. 99B, 151 (1981). 

[10] F.E. Close and N.Tornqvist, J. Phys. G28, R249 (2002). 

[11] J.Weinstein and N.Isgur, Phys. Rev. D41, 2236 (1990). 
See also Phys. Rev. Lett. 48, 659 (1982) and Phys. Rev. 
D27, 588 (1983). The two earlier references assumed a 
much simpler interaction and channel set than the final 
study, and therefore reached rather different conclusions 
regarding the dominant binding mechanism. 

[12] M.B.Voloshin and L.B.Okun, JETP Lett. 23, 333 (1976). 

[13] V.A.Novikov et al, Phys. Rep. C41, 1 (1978). 

[14] A.DeRiijula, H.Georgi and S.L.Glashow, Phys. Rev. Lett. 
38, 317 (1977). 

[15] S.Iwao, Lett. Nuovo Cimento 28, 305 (1980). 

[16] R.H.Dalitz and S.F.Tuan, Ann. Phys. (NY) 3, 307 (1960). 

[17] J.J.Sakurai, Ann. Phys. (NY) 11, 1 (I960). 

[18] T.Barnes and E.S.Swanson, Phys. Rev. D46, 131 (1992). 

[19] T.Barnes, The Status of Molecules, Proc. of the XXIX 
Recontres de Moriond, (Meribel, France, 19-26 March 
1994), hep-ph/940 6215| 

[20] S.Godfrey (in preparation). 

[21] F.E. Close, N.Isgur and S.Kumano, Nucl. Phys. B389, 513 
(1993). 

[22] S.Brodsky and GFarrar, Phys. Rev. Lett. 31, 1153 

(1973); Phys. Rev. Dll, 1309 (1975). 
[23] H.J.Lipkin, New Predictions for Multiquark Hadron 

Masses (in preparation). 
[24] N.N.Achasov et al, Sov. J. N. Phys. 31, 715 (1981). 
[25] T.Barnes, Phys. Lett. 165B, 434 (1985). 
[26] R. Lindenbusch (Ph.D. thesis, Indiana University, 1997) 

shows E852 data that is consistent with hit production 

of the nominally 1=1 ao(980), which is identified in the 

Tirj final state. 

[27] F.E. Close and A.Kirk, Phys. Lett B489, 24 (2000). 



